Since 1998 pulmonary hypertension has been clinically classified into five well-defined, distinct categories. A definitive diagnosis of pulmonary hypertension requires the invasive confirmation of an elevated mean pulmonary artery pressure of 25 mm Hg or above during a right heart catheterization. From a hemodynamic point of view, pulmonary hypertension is classified into precapillary and postcapillary pulmonary hypertension on the basis of a pulmonary artery wedge pressure threshold value of 15 mm Hg. Pulmonary vascular resistance is better characterized by multi-point pressure/flow measurements than by single-point determination. Multi-point pulmonary vascular resistance calculation could be useful for early disease identification as well as for treatment response assessment. Occlusion analysis of the pulmonary artery pressure decay curve after balloon inflation at the tip of the pulmonary artery catheter permits locating the site of predominantly increased resistance and could be useful in differentiating proximal from distal vasculopathy, especially in chronic thromboembolic pulmonary hypertension. The pulsatile hydraulic load of the pulmonary circulation can be better appreciated by pulmonary vascular impedance or via the resistance-compliance relationship than by means of pulmonary vascular resistance. Determination of right ventriculo-arterial coupling permits assessing the impact of an elevated afterload on right ventricular function, which ultimately determines the symptoms and prognosis of patients with pulmonary hypertension. The clinical utility of combining different invasive hemodynamic approaches is still uncertain and remains to be determined.
Introduction
Pulmonary hypertension (PH) is a hemodynamic and pathophysiological condition characterized by the presence of a resting mean pulmonary artery pressure (PAPm) of ≥25 mm Hg as assessed by right heart catheterization (RHC) [1] . In the general population, the exact prevalence of PH is unknown; however, it is presumed to represent the third leading cardiovascular condition after systemic hypertension and coronary artery disease [2] .
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The first clinical classification of PH proposed in 1973 at the World Symposium of PH (WSPH) was based on only two categories: primary PH and secondary PH [3] . The clinical classification has thereafter been refined at subsequent WSPH, with the most recently updated version proposed during the 5th WSPH held in Nice, France, in 2013 (presented in Table 1 ) [4] . Nowadays, PH is classified into five well-defined, distinct major clinical categories. Each category contains multiple clinical conditions according to similarities in their clinical presentation, pathophysiological characteristics, and treatment options. Furthermore, congenital/acquired left heart inflow or outflow obstructive lesions and congenital cardiomyopathies have been added to PH due to the group of left heart diseases (LHD), creating a common classification for both pediatric and adult patients.
Comparative epidemiological data on the prevalence of the different PH categories are lacking, but realistically LHD represents the most common cause of PH in highincome countries, including both LHD with a preserved ejection fraction and LHD with a reduced ejection fraction [5, 6] . Chronic lung diseases and/or hypoxia account for the second most prevalent etiology of PH [7] . The cumulative incidence of chronic thromboembolic PH (CTEPH) has been estimated to lie between 0.1 and 9.1% after an acute pulmonary embolism, but a significant number of subjects develop CTEPH without a symptomatic event of pulmonary embolism [8] . Pulmonary arterial hypertension (PAH) remains a rare disease with an estimated prevalence of about 5-15 cases per 1 million adults [9] , and over the last decades a changed PAH phenotype has emerged (regarding age, sex, comorbidities, and survival) [10] . Although it is the less frequent form of PH, paradoxically PAH is the one that has been more extensively investigated, whereas fewer data are available on the other PH etiologies.
This narrative review aims to provide the current state of knowledge about invasive hemodynamic evaluation of PH. Furthermore, we describe some recent advances in invasive assessment, emphasizing their advantages and their limitations as well as their potential applicability in daily clinical practice.
Hemodynamic Definitions and Pulmonary Vascular Resistance
The normal resting PAPm (±SD) is approximately 14 ± 3 mm Hg with an upper limit of 20 mm Hg [11] . Given the unclear prognostic and treatment implications, the term "borderline PH" for subjects with a resting PAPm between 21 and 24 mm Hg has been abandoned [1] . However, these subjects should be carefully followed up, especially those with connective tissue disease, as well as family members of patients with idiopathic PAH (iPAH) and heritable PAH given the possible future development of manifest PAH [1] . This statement has recently been further supported by the observation that these subjects showed a very high prevalence (86%) of abnormal exercise-induced pulmonary vascular responses and a reduced exercise capacity compared with subjects with normal PAP values [12] . Before the 4th WSPH in 2008, PH had also been defined by a PAPm >30 mm Hg at exercise [13] . This additional criterion was thereafter eliminated and introduced no more, because exercise has not been clearly specified and standardized and the exercise PAPm varies with age, rendering it impossible to find a clear cutoff value for exercise-induced PH [1, 11] . However, recently this has been reevaluated, and the following criteria for the diagnosis of exercise-induced PH emerged: PAPm >30 mm Hg with a total pulmonary vascular resistance (total PVR = PAPm/CO) >3 Wood units (WU) at maximum exercise [14] . The inflow pressure of the pulmonary circulation is the PAPm and the outflow pressure is the left atrial pressure (LAP). In daily clinical practice, pulmonary vascular pressures and flow are typically measured with a fluid-filled thermodilution pulmonary artery catheter (PAC). The PAC cannot directly measure LAP, but the latter can be derived from a "wedged" PAP (PAWP) after balloon inflation at the tip of the PAC. In a large-scale clinical study with sequential measurements of PAWP and LAP estimated by left ventricular end-diastolic pressure (LVEDP) during left heart catheterization, the estimation of LAP by PAWP measurement was found to be accurate but imprecise [15] . Furthermore, among patients with PH, roughly half of those with a PAWP ≤15 mm Hg had an LVEDP >15 mm Hg, suggesting that PAWP frequently underestimates LAP; however, invasive diagnostic criteria for left heart failure with a preserved ejection fraction require a PAWP >12 mm Hg or an LVEDP >16 mm Hg [16] .
PH is hemodynamically classified into pre-and postcapillary based on a threshold value for the PAWP of 15 mm Hg [2] . Postcapillary PH is characterized by a PAPm ≥25 mm Hg and a PAWP >15 mm Hg and occurs as a consequence of LHD [5] . Postcapillary PH is further subclassified on the basis of the diastolic pressure gradient (DPG), defined as the difference between diastolic PAP and PAWP (DPG = PAPd -PAWP), and of the PVR into (1) isolated postcapillary PH (PAWP >15 mm Hg, DPG <7 mm Hg, and PVR ≤3 WU) and (2) combined postand precapillary PH (PAWP >15 mm Hg, DPG ≥7 mm Hg, and PVR >3 WU) [2] .
Proper use of RHC, especially regarding the standardization of PAWP measurements (e.g., value acquisition at the end of expiration, and zero levelling of the pressure transducer at the midthoracic line in supine position), is of central importance in hemodynamic PH assessment and classification, with direct consequences for treatment [1] . LeVarge et al. [17] reported that almost one-third of patients with a phenotype of precapillary PH without clinical or echocardiographic evidence of left ventricular (LV) dysfunction had an end-expiratory PAWP >15 mm Hg, especially obese and patients with obstructive pulmonary disease, likely as a consequence of a spontaneous positive end-expiratory intrathoracic pressure. Routine left heart catheterization is currently not recommended for PH evaluation, but by echocardiographic signs of LV dysfunction (systolic and/or diastolic) or by risk factors for coronary heart disease or heart failure with a preserved ejection fraction, it should be carefully considered [2] .
PVR is not part of the general definition of PH, but nowadays PVR is included in the hemodynamic definition of PAH as follows: PAPm ≥25 mm Hg, PAWP ≤15 mm Hg, and PVR >3 WU in the absence of other precapillary forms (chronic lung diseases, CTEPH, and other rare diseases) [1, 2] . Moreover, PVR is useful for the subclassification of postcapillary PH, as previously mentioned. PVR can be reasonably calculated as the ratio of pressure to flow (Q) in accordance with Ohm's electrical law as follows:
This equation assumes a linear relationship between pressure and Q, and an extrapolated pressure intercept at zero Q crossing the origin. When these assumptions are satisfied, PVR remains constant with an increasing Q ( Fig. 1 , A curve) [18] . This is the case in West's lung zone III in healthy well-oxygenated lungs. However, in hypoxic pulmonary vasoconstriction as well as in several heart and respiratory diseases, the outflow pressure of the pulmonary circulation is not the LAP, and PVR is increased. In these circumstances, the effective downstream pressure of the pulmonary circulation is a closing pressure higher than the LAP, and therefore the LAP becomes an irrelevant pressure to Q, like the height of a waterfall. Diseases associated with increased pulmonary vascular tone and/or alveolar pressure show an increased extrapolated PAP intercept at zero flow.
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The clinically postulated increased closing pressure has been nicely demonstrated in an experimental intact animal model of acute lung injury, where an increased closing pressure (higher than the LAP) became the effective outflow pressure of the pulmonary circulation only after inducing an acute lung injury [19] . The closing pressure is called like that because when the intraluminal pressure drops below the closing pressure value, the pulmonary vessels collapse and the flow ceases. In accordance with the Starling resistor model of pulmonary circulation, a single-point pressure/flow determination (conventional PVR calculation) is unable to discriminate between active tone-dependent and passive flow-dependent PAP changes, and PVR can therefore be misleading in assessing the functional state of the pulmonary circulation, as shown in Figure 1 (B and C curves) [18] . To overcome this relevant inherent limitation, PAP should be measured at different levels of Q, which permits generating multi-point pressure-flow curves. The slope of these pressure-flow coordinates defines the incremental PVR (different from the single-point PVR calculation), and the intercept at zero Q defines the effective outflow pressure of the pulmonary circulation [18] . Dobutamine can be used to increase Q; at doses up to 10 μg kg -1 min -1 , it has no intrinsic pulmonary vasomotor properties, and therefore it can be properly used as a generator of multi-point pressure/flow plots [20] .
The clinical utility of multi-point PVR determination was previously shown in patients with PAH in whom the resting pulmonary hemodynamic value remains unchanged (constant single-point PVR calculation) under PAH-targeted therapy despite an increased exercise capacity as assessed by the 6-min walk distance. In contrast, multi-point PVR significantly decreased under therapy, suggesting a predominately vasodilatory effect of the drugs [21, 22] . These two studies indicate that "stress" pulmonary hemodynamics are more sensitive than resting hemodynamics in capturing treatment responses in PAH patients. Recently, Lau et al. [23] noninvasively assessed the functional state of pulmonary circulation using dobutamine stress echocardiography, and they found that PAH patients showed a significantly elevated incremental PVR when compared to matched healthy control subjects. Furthermore, NYHA functional class was significantly associated with dobutamine-induced PAPm Q slope but not with resting total PVR.
In conclusion, stress testing of the pulmonary circulation by generation of multipoint pressure-flow coordinates instead of single-point PVR calculation can potentially be useful for early PAH identification in at-risk populations with normal resting pulmonary hemodynamics (e.g., patients with connective tissue disease, and family members of patients with iPAH or heritable PAH), as well as for the prognosis and monitoring of treatment effects in PAH. It could also permit identifying and thereafter defining stress-induced hemodynamic treatment goals in order to better adapt medical treatment and probably to start combination therapy at an early stage. These promising preliminary results require further validation in larger multicenter clinical trials.
Partitioning of PVR
A bedside estimation of the effective pulmonary capillary pressure (Pcap) can be obtained by analysis of the PAP decay curve after a single pulmonary artery occlusion following balloon inflation at the tip of the PAC [24] .
The typical PAP decay curve shows a rapid pressure decrease (filling of the capillary compartment from the arterial compartment) followed by a slower pressure drop Starling resistor model for explaining the concept of closing pressure within a circulatory system. Flow (Q) is determined by the gradient between mean pulmonary artery pressure (Ppa) and an outflow pressure which is either the closing pressure (Pc) or the left atrial pressure (Pla). When Pla > Pc, the (Ppa -Pla)/Q relationship crosses the origin (A curve) and pulmonary vascular resistance (PVR) is constant. When Pc > Pla, the (Ppa -Pla)/Q relationship has a positive pressure intercept (B and C curves) and PVR decreases curvilinearly with increasing Q. Possible misleading PVR calculations: PVR, the slope of (Ppa -Pla)/Q remains unchanged in the presence of vasoconstriction (from 1 to 2) or decreased (from 1 to 3) with no change in the functional state of the pulmonary circulation (unchanged pressure/flow line). Adapted from Naeije [18] with permission from the publisher. (emptying of the capillary compartment into the venous one), with an inflection point in between, as shown in Figure 2 [25] . Several methods based on less or more complex mathematical analyses of the PAP decay curve have been proposed in order to estimate Pcap. The dual exponential fitting procedure seems to be the most reliable, even though uncertainty about the overlapping of arterial and capillary venous compartments may persist in case of remodeling of the smallest arterioles [24] . Assessment of Pcap allows estimating the longitudinal distribution of resistances all along the pulmonary circulation. The arterial component of PVR is calculated as (PAPm -Pcap) Q -1 and expressed as the percentage of PVR calculated as (PAPm -PAWP) Q -1 .
The clinical usefulness of the partitioning of PVR has previously been shown in patients with PH. The arterial component of PVR is increased in CTEPH and decreased in pulmonary veno-occlusive disease as compared to PAH [25] . This technique may be helpful in identifying the site of predominantly increased resistance, but it does not allow any clear discrimination between the different PH groups on an individual basis [26] . In select patients, CTEPH is a disease potentially curable by pulmonary thromboendarterectomy [8] . Patients with lower preoperative upstream resistance (the lower arterial component of PVR) have been identified to be at an increased risk for persistent PH and death after pulmonary thromboendarterectomy due to possible concomitant distal small-vessel disease [27] . In a diagnostic test study, Toshner et al. [28] found a fair-to-good ROC curve of upstream PVR (AUC 0.75; p < 0.001) for discriminating operable from inoperable CTEPH, but unfortunately in up to 20% of the subjects an accurate PAP decay curve was not obtainable, and in a subgroup of patients the Pcap measured in different lung lobes yielded rather different values, suggesting a heterogeneous distribution of the disease.
While occlusion pressure analysis has been validated and can be easily performed during routine bedside RHC, further studies are still required before it will become part of routine invasive assessment of PH given the abovementioned limitations to this technique. Nowadays, there is no gold standard method for assessing the operability of CTEPH patients, and consequently the evaluation process remains complex [8] . In daily clinical practice, a multidisciplinary team consisting of an experienced pulmonary endarterectomy surgeon, radiologists, and CTEPH physicians evaluates the best treatment option. Definitive inoperability should be assessed by at least two independent experienced pulmonary endarterectomy surgeons [8] . Analysis of the PAP decay curve by the occlusion method seems a promising technique for preoperative risk assessment and for patient selection for medical therapy. However, this approach should be further implemented in order to better discriminate proximal vasculopathy from peripheral involvement in CTEPH. Moreover, the occlusion method can be combined with calculation of the resistance-compliance (RC) time (see below for details) in order to better identify sites of increased resistance. A clinical prediction rule based on imaging techniques, analysis of the PAP decay curve by the occlusion method, and calculation of the RC time is potentially helpful in assessing CTEPH operability, but it still requires prospective validation.
Continuous versus Pulsatile Pulmonary Hemodynamics
An RHC with measurements of pressures and Q and PVR calculation is recommended as the reference method for diagnostic confirmation of suspected PAH, evaluation of disease severity, and determination of prognosis and response to treatment [1, 2] . The fluid-filled thermodilution PAC provides satisfactory determinations of only mean pressure and mean flow [29, 30] . This "steadyflow" approach imposes a simplification that neglects the natural pulsatility of the pulmonary circulation [31] . Even if PVR is optimally estimated from multi-point pressure-flow plots, the use of PVR as a measure of the opposition to flow presented to the right ventricle (RV) ignores two important characteristics in an oscillatory system, i.e., pulmonary vascular compliance and wave reflection, and, consequently, PVR underestimates the effective RV afterload [32] . This is a relevant limitation, since it has recently been realized to a greater extent that RV function is a major determinant of functional state, exercise capacity, and prognosis in PH [33] . The most accurate quantification of RV afterload available is obtainable by computation of pulmonary vascular impedance (PVZ). PVZ is determined by a dynamic interplay between PVR, vascular compliance, reflected waves, and blood inertance during RV ejection [31, 34] . Assessment of pulsatile pulmonary hemodynamics unfortunately requires recording instantaneous PAP and Q waves simultaneously in the frequency domain rather than in the time domain. Fourier analysis permits decomposing pressure and flow waves into their respective series of harmonics at multiples of the heart rate frequency [31] . The ratio of pressure harmonics to flow harmonics defines PVZ, and unlike PVR it cannot be expressed as a single numerical value but is displayed as a graphic spectrum of pressure/flow moduli and the phase angle, both as a function of frequency, as shown in Figure 3 [35] . Normally, the PVZ spectrum decreases rapidly from a high value at 0 Hz to a first minimum at 2-4 Hz and increases again to a first maximum at 6-8 Hz followed by smaller fluctuations at higher frequencies [31, 35] . PVZ at 0 Hz (PVZ 0 ), called total PVR (PVR with omission of PAWP from the calculation) is the ratio of PAPm to mean Q. At high frequencies, impedance values become constant, and this PVZ, named "characteristic impedance" (PVZ C ), reflects the ratio of inertial elements to compliant elements in proximal pulmonary arteries. Any increase in PVZ C suggests a decline in pulmonary vascular compliance. Resistance vessels influence the low-frequency PVZ spectrum, intermediate pulmonary vessels influence the mid-range-frequency PVZ spectrum, and proximal vessels influence the high-frequency PVZ spectrum [34] .
PVZ is not commonly investigated at the bedside. Computation of PVZ needs an invasive approach with high-fidelity technology, which is too demanding and difficult to integrate into daily clinical practice; consequently there are only few reports on PVZ calculation in humans [31, 34] . In a recent validation study, a simple bedside approach (PAC and transthoracic echocardiography for pressure and flow determination, respectively) was compared with the high-fidelity reference method (highfidelity Millar catheter and ultrasonic flow probe) using linear regression and Bland-Altman agreement analyses. The results confirmed that it is possible to derive valid estimates of pulsatile pulmonary hemodynamics with the simple bedside tools commonly employed in daily clinical practice [36] . Despite these encouraging findings, the pulsatile assessment of pulmonary circulation using PVZ computation is unlikely to become part of routine clinical practice due to the time-consuming nature of the technique and the complexity of hemodynamic data acquisition and analysis. The simplest clinical estimate of pulmonary vascular compliance (Ca) is the ratio between stroke volume and pulse pressure (PP = PAPs -PAPd) [37] . The product of PVR multiplied by Ca defines the RC time. PVR and Ca follow a highly predictable inverse hyperbolic relationship: any change in PVR implies an inverse change in Ca, permitting the estimation of Ca from PVR using a simple formula. This finding was confirmed in subjects without PH and over a wide variety of forms, severities, and treatments of PH with a corresponding near-constant RC time [38, 39] . An important consequence of pulmonary RC dependence is the proportionality between PP and PAPm, which implies that the RV pulsatile load remains a constant fraction of total hydraulic power independently of PAP values [40] . Knowing steady power as the product of mean pressure and mean flow, RV total hydraulic power (RV afterload) can be easily calculated: total power = 1.33 × (PAPm × mean Q). This estimation of RV afterload has the great advantage over PVZ computation of not requiring the recording of instantaneous pressure and flow signals.
This simple RV afterload calculation is potentially useful for evaluating the impact of the different PH forms on RV function. Exceptions to the consistent RC relationship were observed in patients with proximal CTEPH and in patients with elevated pulmonary venous pressure. In a large retrospective analysis, RC times were lowest in proximal CTEPH patients as compared to patients with distal CTEPH and patients with iPAH after adjustment for covariates [41] . These findings were also observed in an experimental model of operable CTEPH as compared to an experimental model of PAH, suggesting that the location of increased resistance affects the time constant of pulmonary circulation probably through altered wave reflection [36] . In a large clinical database, patients with chronic left heart failure and elevated PAWP (≥20 mm Hg) showed a shortened RC time, suggesting an increased pulsatile load [42] . This interesting result possibly highlights the previously underestimated deleterious effects of postcapillary PH on RV function.
Although valid estimates of pulsatile pulmonary hemodynamics can be obtained during routine RHC, PVZ computation and interpretation remain difficult to integrate into daily clinical practice, and this technique will probably remain confined to the experimental setting. On the other hand, RC dependence allows assessing effective RV afterload using a simple algebraic formula. Furthermore, RC time calculation can be combined with analysis of the PAP decay curve by the occlusion method in order to better identify the site of predominant increased resistance in patients with CTEPH.
Right Ventriculo-Arterial Coupling
PAH is a disease that primarily affects the pulmonary vasculature; nevertheless, the symptomatology and outcome of patients with PAH are principally determined by right RV function [33, 43] . Furthermore, RV function is also a major independent prognostic factor in patients with postcapillary PH, advanced respiratory diseases, and congenital heart diseases [44] . Accurate quantification of RV total hydraulic load by PVZ or by the simple formula presented in the previous section without taking into account the adaptation of the RV to the increased afterload is a simplification. Accordingly, the concept of a right ventricle-pulmonary circulation unit has been emerging that requires the simultaneous study of pulmonary circulation and RV function [45] .
The pulmonary circulation presents a much lower resistance, greater compliance, and lower wave reflection than the systemic circulation; consequently, RV pressures are significantly lower than LV pressures under normal conditions [46] . RV adaptation to increased afterload is usually separated into two patterns: (1) homeometric (or Cartoon illustrating right ventricular (RV) pressure-volume loops at varying levels of preload decline. The slope of the line connecting the end-systolic pressure points is the end-systolic elastance (E ES ), a load-independent measure of contractility. E ES can be compared with effective arterial elastance (Ea) to assess coupling of RV contractility to pulmonary vasculature load. Reproduced from Tedford [34] with permission from the publisher.
DOI: 10.1159/000484942 adaptive remodeling) with concentric hypertrophy, preserved systolic and diastolic function, and unchanged RV volumes, and (2) heterometric (or maladaptive remodeling) with eccentric hypertrophy, impaired systolic and diastolic function, and increased RV volumes [33, 47] . The International Right Heart Failure (RHF) Foundation proposed the following definition of RHF: "RHF is a clinical syndrome due to an alteration of structure and/or function of the right heart circulatory system that leads to sub-optimal delivery of blood flow (high or low) to the pulmonary circulation and/or elevated venous pressures -at rest or with exercise" [48] .
Several well-established and useful parameters for assessing RV systolic function are currently used, but they are less or more load-dependent indices of contractility [44] . An ideal index of contractility should be independent of preload and afterload, and sensitive to change in inotropy [44] . Load-independent cardiac contractility can be accurately assessed in vivo by end-systolic elastance (E ES ) as the slope of a family of pressure-volume loops during the cardiac cycle [49, 50] . Afterload as it is "perceived" by the right ventricle can be calculated as arterial elastance (Ea), which is graphically derived on a pressure volume loop by dividing pressure at E ES by stroke volume, as presented in Figure 4 . The impact of an elevated afterload on RV function can be assessed by computation of ventriculo-arterial coupling. Right ventriculo-arterial coupling is defined as the ratio of E ES to Ea. Optimal coupling occurs at E ES /Ea ratios of 1.5-2, corresponding to the optimal energy transfer from the right ventricle to the pulmonary circulation [49] .
This E ES and Ea determination is hampered by the requirement of instantaneous measurements of RV volumes and pressures with conductance catheters, which may be quite problematic given the complex geometry of the right ventricle. The single-beat approach, based on maximum pressure assessment from simple sinusoidal extrapolation of the early and late parts of an RV pressure curve, represents a valuable alternative to the ventricular pressure-volume loop for the assessment of right ventriculo-arterial coupling, as presented in Figure 5 [51]. Given the abovementioned difficulties in the simultaneous reliable determination of pressure and flow, right ventriculo-arterial coupling determinations have been reported only for a limited number of patients with PH. Kuehne et al. [52] MRI, respectively, and assessed right ventriculo-arterial coupling by the single-beat method in patients with early iPAH, showing a 3-fold improvement in contractility consequent to an increased afterload with impaired right ventriculo-arterial coupling as compared with control subjects. Tedford et al. [53] measured RV pressures and volumes with conductance catheters and assessed E ES by a family of pressure-volume loops. Patients with systemic scleroderma-associated PAH had depressed coupling as compared with iPAH patients and systemic scleroderma patients without PAH. The E ES /Ea ratios were preserved in control subjects and in patients with chronic thromboembolic vascular disease without PH, but they were reduced in patients with CTEPH [54] . Experimental and clinical studies on right ventriculo-arterial coupling suggest a predominant role of adaptive remodeling of the right ventricle confronted with an increased afterload at least in resting conditions. Maladaptive remodeling will first occur with a too high RV afterload maintained for a prolonged time or in the presence of a systemic disease [55] .
Despite the fact that determination of right ventriculoarterial coupling represents the most accurate assessment of the impact of an elevated afterload on RV function, this technique nowadays is only feasible in the experimental setting. Due to recent and expected advancements in transthoracic echocardiography and in cardiac MRI, future research should be dedicated to developing invasive and, preferentially, noninvasive measures of coupling which can be easily used and integrated into routine clinical practice.
Conclusions
The pulmonary circulation in PH can be evaluated by simple or more complex methods, as presented in this narrative review. However, assessment of PH needs a multifaceted approach, and the clinical utility of combining different invasive hemodynamic methods still remains unclear, warranting further research. Single-point PVR determination cannot correctly assess the functional state of the pulmonary circulation, which is why multipoint pressure/flow coordinates are necessary. The very promising results with this approach should be confirmed in larger populations.
Nowadays, there is no reference method for assessing the operability of patients with CTEPH; consequently, the decision-making process remains complex. Analysis of the PAP decay curve by the occlusion method combined with calculation of the RC time seems a promising way to make a preoperative risk assessment regarding CTEPH and patient selection for medical therapy, but it still requires prospective validation in larger clinical trials. As an alternative to the technically demanding PVZ computation, RV afterload can be estimated from PAPm and mean Q values by a simple formula in order to avoid instantaneous pulmonary pressure and flow determinations.
The pulmonary circulation and the right ventricle should no more be considered as two separate entities, but they should be viewed as a unique functional unit. New treatment options should ideally be evaluated by measurement of right ventriculo-arterial coupling in order to obtain a whole picture. This technique, however, is still immature for use at the bedside and in outpatient clinics. The pulmonary vasculature remains the primary target of medical therapy in PAH. However, novel therapeutic options aimed at preserving RV function as well as reversing RV dysfunction/failure are needed, since, overall, survival of PAH has modestly improved with the currently available PAH-specific drugs but the long-term outcome remains poor as a consequence of progressive RV failure [56] .
